Substitution of a ligand in an inner sphere complex by an outside group is the most fundamental reaction in metal ion chemistry
O f the 103 known elements, 83 are classified as metals. Much of the chemistry of this very large and diverse family of elements is the chemistry of metals as ions in solution. This includes some of those most familiar of all chemical reactions that we meet in our first introduction to chemistry: the precipitation of halides as their silver salts for identification; the changes of color of copper ion solution as ammonia is added; and many more. Metal ions in solution are always bound to other molecules or negative ions. Species capable of good binding to metal ions are referred to as ligands and may be solvent molecules or other good coordinating groups. The metal plus the most firmly bound ligands make up an aggregate species called an inner sphere complex. Species immediately outside the inner sphere complex are in the "outer sphere" environment.
Such complex compounds of metals play key roles in important chemical processes. Hemoglobin, the oxygen carrier of blood, is an iron complex. The green pigment of plants, chlorophyll, is a similar compound of magnesium. Vitamin B 12 contains a cobalt ion bound to another elaborate ligand system. Many catalysts important to chemical synthesis are metal ion complexes, and metal complexes intervene in most electroplating processes.
If we are to understand and control the chemistry of metal ions in solution, we must understand the processes by which their complexes are formed and in ter con verted. This is most often a matter of the replacement of one coordinated ligand by another.
The substitution of a ligand in the inner sphere (leaving group) by an outside group (entering group) is the most fundamental of the reactions in metal ion chemistry. In fact, all discussions of reactions of metal complexes hinge on an understanding of the dynamics of their ligand substitution process, since it is an ever present possibility.
To attempt a general theory of ligand substitution dynamics seems a formidable task, since so many elements of such diverse properties fall within the scope of the undertaking. However, substantial progress has been made, especially in recent years, because of a fascinating convergence of:
• Results of studies of certain model systems by traditional methods for analysis of rate and mechanism.
• Results over a broad time range made available by application of new fast reaction techniques developed largely by Prof. Manfred Eigen and his collaborators in West Germany.
• Results of applications of improved electronic structural models for metal complexes to give added power to theoretical correlations.
In this article we outline some recent advances in the understanding of ligand substitution dynamics to reveal the effectiveness of the interplay of new and old techniques with fresh theoretical insights.
Mechanistic language
To approach an understanding of ligand substitution processes, it is first necessary to catalog the kinds of experiments which are available in the armamentarium of the "chemical dynamicist" interested in these problems
and to consider what sorts of information these experiments provide. Commonly, a student of chemical dynamics studies reaction rates.
But such studies may be approached from two points of view. First, it is possible to analyze the rate law for a reaction, which is the differential equation relating rate to reactant concentrations. This allows determination of the species which are present in the transition state of the reaction. Second, if it is assumed that a series of reactions proceeds by related mechanisms, the rates of the reactions may be compared and the energetic factors in activation inferred. In other words, it may be possible to consider the role of a variable entering group in a substitution and determine from the observed rates whether the entering group plays a role in determining the activation energy for substitution.
Reaction mechanisms for substitution processes may be classified with respect to these types of experiments. A useful classification which considers reaction types that can be defined "operationally" is constructed readily when classification with respect to each of the two types of experiments is approached separately.
Careful study of the reaction rate law leads to identification of the reactant species which are components in the transition state or participate in reaction steps preceding the transition state. In reasonably favorable circumstances, this leads, in turn, to identification of the number of elementary steps necessary for the accomplishment of the overall reaction. Substitutions may follow one of three distinct, simple patterns: dissociative (D), associative (A), and interchange (I). The dissociative reaction is a two-step substitution involving the initial formation of an intermediate of reduced coordination number. The associative substitution proceeds in two steps through initial formation of an intermediate of increased coordination number. The interchange pattern is a substitution in a single step. 
Classification of ligand substitution mechanisms
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Turning to comparison of rates of related substitution reactions, the most important single issue is the effect of the entering group. If the rate of a substitution is dependent upon the nature of the entering group, clearly the process of breaking the bond to the leaving group is assisted by the newly forming bond. If the rate of substitution is quite insensitive to the nature of the entering group, it is difficult to imagine that binding of the entering group is assisting substitution. In the second case, the complex must accumulate sufficient energy by ther mal fluctuations to "dissociate" the leaving group. Because these two types of activation processes occur in the A and D paths, respectively, they are designated the a and d modes of activation. Interchange processes may employ either activation model I a or I d .
An alternative approach to classify ing substitutions which differs from the present scheme (see table) is the scheme borrowed from discussion of nucleophilic substitution reactions of organic chemistry. The D process may be designated S N 1 (substitution, nucleophilic, unimolecular) and the A process S N 2 (substitution, nucleophilic, bimolecular).
This classification is widely used but may be argued to be infelicitous for some I reactions. All I reactions are "bimolecular" in the sense that both the substrate complex and the entering group must be par ticipants in the transition state. But the bimolecularity may be quite ac cidental. An I d process is analogous to a D process in that the transition state is achieved by breaking the bond to the leaving group. If the residual moiety left behind when the bond is broken is noticeably stable, an inter mediate is formed which may survive long enough to react selectively and a two-step D reaction is observed. If, however, the residual moiety left after dissociation is highly energetic, it may not be able to survive long enough to react with any ligand except those in its immediate outer sphere "solvation" shell. An I d reaction which is "acci dentally" bimolecular is the result. The close analogy between the D and I d processes in terms of mode of acti vation is preserved in the S N 1-S N 2 classification scheme only by redefin ing the concept of molecularity to make it correspond to the number of species changing covalency in the re action step. Then D and I d reactions are S N 1. The price of this maneuver is to make molecularity a nonoperational concept. Molecularity then may no longer be determined from race laws. In this article we will employ the scheme shown in the table be cause mechanisms on the D-I d border line have turned out to be extremely common in ligand substitutions.
Metal ions in aqueous solution may be placed into four arbitrary classes
Substitution time scale
Metal ions in aqueous solution may be placed into four arbitrary classes based on the magnitudes of the rate constants for substitutional processes involving their complexes. For this discussion we are concerned with reactions where the leaving group X = H 2 0, the solvent is water, and the other inner sphere ligands (L n ) are also H 2 0 molecules. Four categories on a time scale are defined as:
• Class I. Exchange of water is very fast; most, even "fast," kinetic techniques are not applicable. First order rate constants are about 10 s sec.
-1 or greater. Included in this group are the alkali metal ions and the alkaline earth metal ions except Mg 2 -and Be 2 -.
• Class II. The first order rate constant for water exchange is 10 4 to 10 s sec.
-1
Dipositive transition metal ions plus the tripositive rare earth ions are in this class, along with Mg 24 \ Most ions display characteristic rates independent of the entering group.
• Class III. First order rate constants here are 1 to 10 4 sec. • Class IV. Complexes of Class IV ions are relatively inert; first order rate constants are commonly between ICh 1 and 10~° sec.
]
Prominent members include Co 34-, Cr 3 + , and Pt 2 + . Before turning to finer mechanistic details, we will examine the reasons for the dramatic differences in substitutional reactivity of the metal ions. For example, a factor of some 10 16 in rate separates K(H 9 0) x + and Cr-(H 2 0) 6 3 + . Most of the large differences can be explained on the basis of a simple electrostatic model of binding, because there is a rough correlation between the charge-to-size ratio of the ion and its position in the reactivity We shall now explore the types of experiments which have led to detailed understanding of cobalt (III) and platinum (II) reactions like the ones above, because it is emerging that the octahedral complexes of cobalt (III) and the square planar complexes of platinum (II) have functioned admirably as models for the development of key concepts and experiments for understanding ligand substitution processes in general.
Activation modes
The mode of activation may be deduced from studies of the rate dependence on the nature of the entering group. In cobalt (III) substitutions, it is a very general result that, excluding hydroxide ion, variation of the entering group does not significantly change the rate of reaction. Rate laws commonly are strictly first order, reflecting the fact that, in the absence of entering group effects, the most populous entering group-the solventusually enters. Other ligands appear in the rate law only if a solvent molecule is the leaving group. This behavior clearly indicates failure to discriminate among entering groups and is characteristic of the dissociative mode of activation.
In In both a and d modes of activation the bond to the leaving group must be "perturbed" in the transition state. In the dissociative mode, the effect should be most dramatic (and independent of the entering group). But for associative activation, the leaving group effect should be variable, being of great importance for poor entering groups.
For cobalt (III) substrates, there are enough equilibrium and rate data available to show a linear free energy correlation (log k vs. log K) for the substitution reaction: ions.
Measurements were made at 25.0° C. Points are: 1, X" = P; 2, X-= H 2 P(V; 3, X-= CI"; 4, X" = Br; 5, X" = l~; and 6, X" = NO.
-. The log of a rate or equilibrium constant is proportional to a free energy change. Note that each change of 1.0 kcal. in the overall free energy change for the reaction is paralleled by a 1.0-kcal. change in the free energy required for activation. It is only the leaving anion that is being varied.
As the leaving anion is varied, the only significant change in the overall reaction is the change in the solvated anion produced as a product. The linear free energy relationship implies that the transition state resembles closely the product with respect to this variation. It follows that the leaving group must be functioning very nearly as a solvated anion in the transition state; that is, effective dissociation has occurred
We'd like to comment now on the electronic theory of the modes of ac tivation under scrutiny here. In the case of cobalt (III) substrates, there is a close correlation between the ligand field strength and inertness of the ligand as a leaving group. For example, we have the rate order for leaving groups: CI-~ Br-> IAnd, in general, for platinum (II) it appears that heavier donor atoms are more inert than lighter members of an analogous series. This indicates that binding to d orbitals alone can not explain the reactivity pattern. Specifically, this suggests an important role for the platinum (II) 6p orbitals. Strong binding to the large 6p orbitals would benefit the heavier donor atoms with more expanded valence orbitals. This would provide the simplest ex planation for the anticorrelation of ligand field splitting and ligand inert ness. There are other strong indica tors for the role of 6p orbitals in plat inum (II) substitutions, which we will discuss shortly.
The entering and leaving group ef fects establish the cobalt (III) sub strates as models for dissociative acti vation and platinum (II) substrates as models for associative activation. In terms of potential energy profiles, we suggest the details of activation shown below:
Other relative rate studies are consistent with different modes of activation for the model cobalt (III) and platinum (II) substrates. TWO of particular interest which may be acceptable for general use are steric effects and substrate-charge effects. Generally, steric crowding due to substituents on the nonlabile ligands rapidly accelerates cobalt (III) substitutions, where the transition state is less crowded. In platinum(II) cases, however, crowding in the ground state slows the reaction enormously, consistent with associative activation in the unhindered cases. Indeed, the most sterically hindered platinum (II) and palladium (II) complexes may be forced into dissociative activation. This is près urn ablv the case for the complex Pd(Et 4 dien)Cl+ [Et 4 dien is (C 2 H r ,) 2 N-(CH 2 ) 2 -N(H)-(CH 2 ) 2 -N(C 2 H r j 2 ], which reacts 10 4 times slower than unhindered Pd(dien)Cl+ in water, and at least 10 5 times slower in dimethylsulfoxide.
Interestingly, the rates for Pd ( Et 4 dien ) C1+ are about the same as those for analogous rhodium ( III ) substitutions.
The substrate-charge effect for cobalt (III) and platinum(II) systems is: The much larger effect of substrate charge is consistent with dissociative activation in the cobalt (III) case. The models cobalt (III) and plati num (II) allow us to extract some use ful generalizations concerning relative rates expected for the two different modes of activation. These general izations are: 
Trans effect in Ft(11) substitutions
A particularly significant influence on rates due to nonlabile ligands is the trans effect in platinum (II) substitutions. The presence of this effect allows us to say more about the structure of the transition state. From experiments, we know that in platinum (II) substitutions the rate of reaction depends strongly on the nature of the ligand in trans position to the leaving group. Conversely, there is little or no influence from the two cis ligands. From this result we can extend the mechanism of associative activation to include a definite structural arrangement of ligands in the transition state. A particularly attractive model assumes trigonal bipyramidal structure for the transition state: The advantage of this model is that it allows an understanding of large effects due to entering, leaving, and trans groups and relatively small ef fects due to the cis groups. Specifi cally, there are large orbital changes in going from the ground state for the three ligands present in the trigonal plane.
The observed trans-effect order of ligands, on a relative rate scale, is set out below. Two factors are of possi bly major importance in giving this ef-
Trans-labilizing order of ligands
According to the τι-bonding theory, the trans-labilizing order parallels the order of π-electron accepting ability of the labilizing ligand. This was reasoned on the basis of the idea that upon forming the trigonal bipyramidal intermediate from the square planar structure four rather than three d orbitals would then have the proper sym metry for 7Γ interaction with the li gands. A trans group with empty, reasonably stable ττ-symmetry orbitals would then lower the energy of the transition state simply by accommo dating the excess electronic charge around the central metal atom due to the entering ligand. The finding that groups such as PR 3 , H -, and CH 3 -are good trans-labilizing ligands sug gests that other factors are also at play. Here again we infer a role for platinum (II) 6p orbitals. If the trans group has strong σ interaction with the metal ρ orbital (which H -and CH 3 -should have from overlap con siderations), then the bond to the leaving group will be relatively weak in the square planar structure. In the transition state the leaving and enter ing groups share the previously unoc cupied 6p z orbital; the driving force of the reaction is provided by the ten dency of the trans ligand (T) to own as much of its own ρ orbital as pos sible. This is shown by:
Thus far we have not looked be yond the transition state in either co balt (III) or platinum (II) substitu tions.
The most difficult area of mechanistic study involves character ization of the number of elementary steps leading to products. In the co balt (III) case, three studies may be singled out as exemplary in the estab lishment of stoichiometric mecha nism.
In 2-is known with fair precision and is consistent with the two-step D process.
In the platinum (II) substitutions, there is strong evidence external to rate studies in support of the stable five-coordinate intermediates required along two-step A pathways. The evi dence is the existence of several stable trigonal bipyramidal platinum ( II ), palladium (II), and nickel (II) com plexes. Two complexes of relevance are Ni(CN) 5 3~ and Pt(SnCl 3 ) 5 3 -. Finally, then, we may come to strong conclusions with respect to the modes of activation in cobalt (III) and platinum (II) systems. There is more uncertainty with respect to stoichio metric mechanism:
A mechanisms are a solid choice for platinum (II) systems, but cobalt (III) systems are so near the D-I d borderline that cross over has been observed and future cases will need to be judged on an individual basis.
Considering ions more generally, it appears that modes of activation may be assigned with some confidence now. Square planar complexes in general appear to em ploy the a mode. The reactions of the Class II ions (water exchange char acteristic time 10 -4 to 10~8 sec), which are entering group insensitive, strongly suggest the d mode. Work on the analysis of stoichiometric mechanism in fast reactions is just beginning. Each week C&EN announces here the "Men and Molecules" program to be released the following Friday. Call your local station to find out when specific programs you are interested in will be broadcast.
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